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ABSTRACT: Precast concrete structures are becoming one of the most popular constructions in the world. They are expected to
lead the global construction because they are fast, cheap and simple to construct with precast concrete elements produced in
tightly controlled conditions. Moreover, they are sustainable products with high durability. Minimal waste is produced during
manufacture and precast elements can be fully recycled at the end of their life.
In this paper, a Performance Based Design (PBD) approach is proposed for multi-storey precast concrete frame structures. A full
review of Direct Displacement Based Design (DDBD) methodology to design precast concrete structures is carried out. A
hybrid connection consists of unbonded post-tensioned tendons and conventional steel is suggested to connect beams to
columns. In this connection, the inelastic behaviour of steel is used to dissipate the seismic energy and the unbonded posttensioned strands are used to self-centre the structure after the seismic event. The post-tensioned tendons are suggested to be
placed at the middle of the beam inside ducts without filling them with grout to avoid bonding between the tendons and the
concrete. The future testing plan of one storey precast concrete structure with hybrid connections at the shake table test facility
at UET Peshawar will be illustrated.
KEY WORDS: Performance based design; precast structures; hybrid connections.
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INTRODUCTION

Precast concrete structures benefit from several advantages
when compared to traditional cast-in-situ concrete structures.
They are prepared, casted and cured in a well-controlled
environment. This will allow to use material efficiently and to
produce high quality precast concrete structural members.
Once the precast concrete members are manufactured and
transported to the site, construction proceeds rapidly. A small
amount of formwork and temporary supports are required, and
the work will not be affected hugely due to bad weather
conditions.
Several precast concrete structures performed poorly during
last earthquakes such as 1985 Michoacán earthquake in
Mexico, 1988 Armenian earthquake and 1994 Northridge
earthquake in California and 1999 İzmit and 2011 Van
earthquakes in Turkey. A review of the performance of such
structures was listed in the International Federation for
Structural Concrete (fib) [1]. The main reasons for the poor
performance of the precast buildings were due to poor design
and detailing of the structural elements and connections,
inadequate consideration of the MEP and architectural
components and the attachment of these components to the
structure.
In the last decades, a design philosophy which takes a
particular care to the performance of the structure and its nonstructural elements under lateral loads became very popular. It
is called Performance Based Design (PBD) methodology. The
main performance objectives in this methodology after an
earthquake are: fully operational without any structural or
non-structural damage or any work disruption, operational
where the structure is safe after the seismic event with very
minor damage and some repairs are required for some
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services, life safety where the structure remains safe but with
significant damage to structural and non-structural elements
and near collapse where the structure suffer from severe
damage and the structure can collapse if deformed beyond this
point. The performance-based seismic engineering report
prepared by the Vision 2000 Committee SEAOC [2] relates
levels of seismic hazard to these performance objectives as
shown in Figure 1,

Figure 1. Levels of seismic hazard related to performance
objectives [2].
One of the performance targets of structures is the maximum
displacement the structure can endure during the seismic
event. Starting from the target displacement, Priestly et al. [3]
has developed the Direct Displacement Based Design
(DDBD) procedure to design structures. The design drift is
chosen at the start of the procedure, then secant stiffness and
equivalent viscous damping at maximum displacement
response are calculated to find the design forces required to
achieve the design drift limit as will be explained in the
following paragraphs.
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DIRECT DISPLACEMENT BASED DESIGN

European seismic design code, Eurocode 8 [4], proposes the
forced based design (FBD) methodology to design structures
subjected to seismic loads. In this approach, the elastic
response spectrum is reduced by a behaviour factor to achieve
the seismic forces and to allow the energy-dissipating
members to dissipate seismic energy. To find the period of the
structure, a simple equation relating the fundamental period to
the height of the structure is used. Then, the seismic forces are
used to design the lateral resisting systems and to calculate the
structural drifts, which are checked against the code drift
limits. If the code drift limits are exceeded, the structure
should be redesigned. On the other hand, the direct
displacement-based design (DDBD) methodology avoids this
repetition in designing the structure by starting with target
displacement profile. Then, the strength required to maintain
this displacement is calculated [3].
The DDBD procedure characterises the multi degree of
freedom structure by a single degree of freedom system
(SDOF) with effective stiffness at maximum displacement and
ductility with an equivalent viscous damping appropriate for
the inelastic response for this type of structure as shown in
Figure 2.

where Δ1 is the displacement of the first storey and δ1 is the
normalised inelastic mode shape of the first storey.
Then, the equivalent SDOF design displacement, ΔD, can be
found by
∑ mi ∆2Di
(4)
∆D =
∑ mi ∆Di
where mi and Δi are the mass and the design displacements of
the ith storey.
Equivalent SDOF mass and height
By knowing the displacement profile [3], the effective mass,
me, of the equivalent SDOF structure can be calculated as
∑ mi ∆Di
(5)
me =
∆D
and the effective height, He, of the equivalent SDOF structure
can be found by
∑ mi ∆Di Hi
(6)
He =
∑ mi ∆Di
Yield displacement and ductility

The yield drifts can be found as suggested by Priestley [3] for
reinforced concrete structures using the following equation
lb
𝜃𝜃𝑦𝑦 = 0.0005
(7)
h𝑏𝑏
where lb and hb are the beam length and depth for the ith
level respectively.
The yield displacement profile is assumed to be linear and the
equivalent SDOF yield displacement, ∆y, at the effective
height, He, can be found by:
∆y = θy ∗ He
(8)
Knowing the equivalent SDOF design displacement, ΔD, and
the yield displacement, Δy, the system displacement ductility
can be found by
∆D
μ=
(9)
∆y
Equivalent Viscous Damping

Figure 2. Fundamentals of DDBD procedure [3]
Target displacement, Δd,
In order to find the storey design displacements, Δi, the
normalized inelastic mode shape, δi, is required. It can be
found using the following equations [3]
For n ≤ 4:
For n > 4:

δi =

4 H

Hi

Hn

δi = ( i )(1 −
3 Hn

(1)
Hi

4Hn

)

(2)

where n is the number of storeys, Hi is the height of the ith
storey and Hn is the total height of the structure.
The storey design displacement, Δi, can be found as
Δ1
ΔDi = δi ( )
(3)
δ1

The Equivalent Viscous Damping, ξeq, is the sum of the
elastic, ξe, and the hysteretic, ξhyst, damping as the following
(10)
𝜉𝜉𝑒𝑒𝑒𝑒 = 𝜉𝜉𝑒𝑒 + 𝜉𝜉ℎ𝑦𝑦𝑦𝑦𝑦𝑦
For concrete structures the elastic damping, ξe, is taken as
0.05 and the hysteretic damping, ξhyst, depends on the
hysteresis rule suitable for the structure being designed. Grant
et al. [5] conducted a wider range of hysteretic rules for
several structures. They have applied a correction factor κ to
the elastic damping coefficient to Equation (10) and became
as the following
(11)
𝜉𝜉𝑒𝑒𝑒𝑒 = κ𝜉𝜉𝑒𝑒 + 𝜉𝜉ℎ𝑦𝑦𝑦𝑦𝑦𝑦

In Equation (11), κ = μ𝜆𝜆 where µ is the displacement ductility
and λ depends upon the hysteretic damping used (e.g. λ = 0.430 for flagged shape hysteretic rule). In this study, flagged
shape hysteretic damping, ξhyst, is used as shown in the
following Equation
𝛽𝛽(𝜇𝜇 − 1)
(12)
𝜉𝜉ℎ𝑦𝑦𝑦𝑦𝑦𝑦 =
𝜇𝜇𝜇𝜇(1 + 𝑟𝑟(𝜇𝜇 − 1))

241

Civil Engineering Research in Ireland 2020

where β is the height of the flag and r is the post-yield
stiffness ratio. This hysteretic damping was suggested by
Priestley et al [3] for hybrid precast structures with one of the
connection details suggested by Nakaki et al [6]. This hybrid
beam-to-column connection consists of unbonded posttensioned tendons and conventional steel bars as shown in
Figure 3. It was tested in one of several connection details for
a 5-storey precast building shake table tests carried out at the
University of California [6]. The steel reinforcement is used to
dissipate the energy by yielding in tension and compression
under seismic loads, the post-tensioned force should be
stronger than the resistance of the bars in compression to close
the gap after they are yielded. The unbonded tendons strain
depends on the total member deformations over the entire
unbonded length rather than adjacent concrete deformations
which controls bonded tendons.

When the structure displaces laterally, an overturning moment
will be induced due gravity loads. Because of that P- Δ effects
at the maximum displacement should be considered as the
following
me g
FP−Δ =
∆
(17)
He D
where me is the effective mass of the SDOF system, g is the
acceleration due to gravity, He is the effective height and ΔD is
the design displacement.
3

CASE STUDY STRUCTURE

A five-story precast concrete building is chosen. Floor layout
is 18x18 m in plan and 18 m high. It supports a seismic
weight of 3240 kN/floor. The sizes of beams and columns
were checked to meet the requirements of permissible
deflection under gravity loads. The frame is located on a
seismic zone having design base motion equal to 0.30g. This
corresponds to the earthquake motion having 10% probability
of exceedance in 50 years design life of a structure with return
period of 475 years.
The seismic lateral resisting system consists of peripheral
frames of precast hybrid beams and columns as shown in
Figure 4 and Figure 5.

Figure 3. Hybrid Beam-to-Column Connection used in the
shake table test carried out at the University of California [6].
Stanton et al [7] has recommended that in order to prevent
the post-tensioned tendon from yielding, the initial stress of
the tendon, fpe, must be less than
ℎ
(13)
f𝑝𝑝𝑝𝑝 < f𝑝𝑝𝑝𝑝 − 1.8 E𝑝𝑝 𝜃𝜃
𝐿𝐿
where f𝑝𝑝𝑝𝑝 is the yield stress of the strand, Ep is the Young’s
modulus of the strand, h and L are the beam depth and clear
length respectively and 𝜃𝜃 is the design drift angle.

Figure 4. Plan view of the five-storey precast concrete
structure case study.

Effective period, stiffness and base shear

The effective period can be found from the design
displacement spectrum. This can be found by applying a
damping modifier, Rξ, to the elastic displacement spectrum.
Rξ suggested by EC8 [4] is used in this study as the following
0.5
0.1
(14)
Rξ = �
�
(0.05+ξ)
By knowing the effective period, Te, and the effective mass,
the effective stiffness, Ke, is can be found as:
4π2 me
(15)
Ke =
T2e
The design base shear, Fb, can be found by multiplying the
effective stiffness, Ke, by the design displacement, ΔD, as
shown:
Fb = K e ∆D
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(16)

Figure 5. Elevation of the five-storey precast concrete
structure case study.
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Table 1. DDBD calculations for the 5-storey precast case study building
Level
5
4
3
2
1
0

Height, Hi
(m)
18
14.4
10.8
7.2
3.6
0

Mass, mi
(ton)/fr
162
162
162
162
162
0

Sum

δi

ΔDi

miΔid

miΔDi2

HimiΔDi

Fi (kN)

Vi (kN)

OTM
(kNm)

0.56
0.48
0.38
0.27
0.14
0

0.36
0.30
0.24
0.17
0.09
0

58
49
39
28
15
0

20
15
9
5
1
0

1036
707
423
199
52
0

213
182
145
102
54
0

213
395
540
642
696
696

0
767
2189
4133
6445
8951

188

51

2417

696

810

The data for calculating the equivalent SDOF system are
shown in Table 1. δi is found using equation (2), Δ1 = .025*3.6
= 0.09 m and ΔDi is found using Equation (3). The equivalent
SDOF characteristic are found as the following
∑ 𝑚𝑚𝑖𝑖 ∆2𝐷𝐷𝐷𝐷
51
∆𝐷𝐷 =
=
= 0.27𝑚𝑚
∑ 𝑚𝑚𝑖𝑖 ∆𝐷𝐷𝐷𝐷
188
∑ 𝑚𝑚𝑖𝑖 ∆𝐷𝐷𝐷𝐷 𝐻𝐻𝑖𝑖
2417
𝐻𝐻𝑒𝑒 =
=
= 12.9𝑚𝑚
∑ 𝑚𝑚𝑖𝑖 ∆𝐷𝐷𝐷𝐷
188
𝑚𝑚𝑒𝑒 =

∑ 𝑚𝑚𝑖𝑖 ∆𝐷𝐷𝐷𝐷
188
=
= 696 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
∆𝐷𝐷
0.27

(18)
(19)

𝐾𝐾𝑒𝑒 =

4𝜋𝜋 2 𝑚𝑚𝑒𝑒
4𝜋𝜋 2 ∗ 696
=
= 2522 𝑘𝑘𝑘𝑘/𝑚𝑚
(3.3)2
𝑇𝑇𝑒𝑒2

𝐹𝐹𝑏𝑏 = 𝐾𝐾𝑒𝑒 ∆𝐷𝐷 +

𝑚𝑚𝑒𝑒 g
∆ = 696 𝑘𝑘𝑘𝑘
He 𝐷𝐷

(25)
(26)

(20)

The yield drift is found for a 450 mm deep beam as shown in
equation (21) and yield displacement and ductility are found
using the following equation
𝜃𝜃𝑦𝑦 = 0.0005

lb

h𝑏𝑏

= 0.0005

6

0.45

= 0.0067

(21)

∆𝑦𝑦 = 0.0067 ∗ 12.9 = 0.086𝑚𝑚

(22)

μ=

(23)

∆𝐷𝐷
0.27
=
= 3.14
∆𝑦𝑦
0.086

The mild steel reinforcement is assumed to provide 40% of
the total beam moment capacity and 60% to the post tension
strands. Because of that in the flagged shape hysteretic rule, β
can be taken as 0.8 using Equation (24) and the post-yield
stiffness ratio r = 0.04 as suggested by Priestly et al. [3].
2M𝑠𝑠
β=
(24)
M𝑠𝑠 + M𝑝𝑝
where Ms and Mp are the moment capacities of steel and
tendons respectively.
Using Equations (11) and (12) the equivalent viscous
damping ξeq = 19% and the displacement reduction factor, Rξ
= 0.64 using Equation (14).
The elastic displacement spectrum is reduced by Rξ to form
the design displacement spectrum at 19% of damping as
shown in Figure 6. The effective period, Te, corresponds to
the design displacement, ΔD = 0.27m is read from Figure 6
and is found to be 3.3 seconds.
By knowing Te the equivalent stiffness and base shear, Fb is
found as the following

Figure 6. Displacement response spectra for the 5% and 19%
damping.
The base shear force, Fb, is distributed to all floor levels using
Equation (27) and all storey shears, Vi, are found by summing
the floor forces above the storey considered as shown in Table
1.
mi ∆i
Fi = Fb
(27)
∑ mi ∆i
Storey overturning moments at the floor levels can be found
from the storey shears, Vi, as the following
(28)

𝑂𝑂𝑂𝑂𝑂𝑂𝑖𝑖 = � Vi h𝑐𝑐𝑐𝑐𝑐𝑐

where OTMi is the overturning moment at the i floor and hcol
is the inter-storey height.
All columns from 1st to last floor should be capacity
designed to remain elastic to satisfy weak beams/strong
columns philosophy. For ground floor columns, plastic hinges
are permitted to satisfy the required beam-sway mechanism.
Priestly et al. [3] have suggested to have contraflexure point in
the ground floor columns at 60% of the storey height to allow
hinges to occur at the bottom of the beam and not at the
underside of the first floor level. Figure 7 shows the seismic
moments distribution from DDBD lateral forces and the
location of the contraflexure points in the ground floor
columns for the case study.
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The design moment for beams MBi are listed in Table 2 and
can be found using the Equation (32) where LB is the beam
length
𝑉𝑉𝐵𝐵𝐵𝐵 ∗ 𝐿𝐿𝐵𝐵
(32)
2
These beam seismic design moments should be distributed
between steel bars and post tensioned strands where 60% of
the moment should be resisted by the post tensioned strands
and 40% of the moment capacity should be provided by steel
reinforcement. As we have the seismic shear forces and
bending moments of the beams the design process is straight
forward and not listed here.
The column seismic design moments are found from the
beam moments assuming that the moment transferred to a
joint is shared between the columns at the floor below and
above the joint. For capacity design, an overstrength factor
should be applied to the seismic moments of the beams when
transferred to columns. This overstrength factor may result
from material strength being more than specified or
reinforcing steel area being more than required. For simplicity
the overstrength factor is taken equal to all beams as
1.1*1.25=1.35. Adding gravity loads and applying
overstrength factors, moments for exterior, Mc,ext ,and interior
columns, Mc,int, and shear forces for exterior, Vc,ext and
interior columns, Vc,ext, are shown in Table 3.
𝑀𝑀𝐵𝐵𝐵𝐵 =

Figure 7. The seismic moments distribution from DDBD
lateral forces and the location of the contraflexure points in
the ground floor columns.
The total resisting moment at the column base, shared
between the four columns of the frame is found by
� 𝑀𝑀cj = 0.6𝐻𝐻1 ∗ 𝐹𝐹𝑏𝑏

(29)

Table 3. Bending moments and shear forces for the exterior
and interior columns for the case study structure.

� 𝑀𝑀cj = 0.6 ∗ 3.6 ∗ 696 = 1504 𝑘𝑘𝑘𝑘. 𝑚𝑚

The sum of the seismic shear forces of the beams can be
found as
∑ 𝐹𝐹𝑖𝑖 𝐻𝐻𝑖𝑖 − ∑ 𝑀𝑀cj
� 𝑉𝑉𝐵𝐵𝐵𝐵 = 𝑇𝑇 =
𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
� 𝑉𝑉𝐵𝐵𝐵𝐵 = 𝑇𝑇 =

8951 − 1504
= 414 𝑘𝑘𝑘𝑘
18

(30)

A simplified equilibrium procedure suggested by Priestly et
al. [3] is used to distribute T to the storey beams in proportion
to the storey shears as shown in Equation (31).
𝑉𝑉𝑠𝑠𝑠𝑠
𝑉𝑉𝐵𝐵𝐵𝐵 = 𝑇𝑇.
(31)
∑ 𝑉𝑉𝑠𝑠,𝑖𝑖
The beam seismic shear forces are shown in Table 2.

Table 2. Seismic shear forces and bending moments for beams
for the 5-storey case study structure
Level
5
4
3
2
1
0
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Height, Hi
(m)
18
14.4
10.8
7.2
3.6
0

VBeam
(kN)

MBeam
(kN.m)

35
66
90
107
116
0

106
197
270
321
348
0

4

Level

Mc,ext
(kN.m)

Mc,int
(kN.m)

Vc,ext
(kN)

Vc,int
(kN)

5
4
3
2
1
0

115
213
291
346
375
313

230
426
582
692
751
626

91
140
177
200
191

182
280
354
401
382

TESTING PROPOSAL AT UET PESHAWAR

New design methodologies should be supported normally by
experimental investigations. The seismic performance of a
one storey precast concrete structures using post-tensioned
beam-column connections and designed using DDBD
procedure is planned to be tested on the shake table test
facility at University of Engineering and Technology (UET)
Peshawar. A numerical model for the one storey structure will
be developed using the experimental data which can be
extended to validate the design procedure for the multi storey
structures.
UET Peshawar is currently housing state of the art
equipment for structural testing using quasi-static cyclic
loading and shake-table for fully dynamic testing. Two types
of seismic simulators (shake-tables) are operating at UET
Peshawar. This includes a uniaxial shake-table with a
footprint of 1.5 m by 1.5 m having payload capacity of 8 tons
(Figure 8), and another six degrees of freedom shake-table
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with a footprint of 5 m by 5 m having payload capacity of 60
tons (Figure 9). Both the simulators are established with the
technical support of ANCO Engineers, Inc. (Boulder,
Colorado 80301 USA). The 5x5 m shake table test is planned
to be used to test the one storey precast concrete structure.

lab-2 the reaction walls height equal to 12.20 m and floor area
equal to 204.40m2. The laboratories house actuators with 100
tons loading capacity (Figure 10), which can be used for
static, quasi-static and dynamic testing using either a force,
displacement or strain controller. Physical testing of the
hybrid connections with different steel percentages are
planned to be carried out in these labs to check if they will
behave as required and accommodate the lateral loads
properly.
5

Figure 8. Seismic simulator – 1: uni-axial with footprint of
1.5 m by 1.5 m have payload capacity of 8 tons.

CONCLUSION

Direct displacement-based design (DDBD) procedure was
adapted to be used to design precast concrete frame structures.
The DDBD methodology starts with target displacement and
drift profile, then equivalent SDOF characteristics such as
equivalent design displacement, effective height and effective
mass are found. Then, the equivalent viscous damping and
effective period at maximum displacement response are
calculated to find effective stiffness and design forces
required to achieve the design drift limit.
A five-story precast concrete structure case study was used as
a design example to show how to design using DDBD
procedure.
A brief illustration for the future test plans on the shake table
test facility at University of Engineering and Technology
(UET) Peshawar to perform seismic tests on a one storey
precast concrete structure. The test frame will be designed and
scaled to accommodate the testing facility at UET Peshawar.
The connection between beams and columns will be a hybrid
type consists of unbonded post-tensioned strands and steel
bars reinforcement. The energy dissipation will be through
steel reinforcement yielding in tension and compression. The
post-tensioned strands will be used to self-centre the structure
after seismic events.
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